The projection of axons to specific targets during development is crucial for the proper function of the nervous system 1 . The projections of sensory neurons of the dorsal root ganglion (DRG) provide a favorable model for the study of the regulation of target-specific neuronal projections during development. Depending on their sensory modality, DRG neurons send afferent axons to the gray matter layer of the spinal cord and to different types of sensory receptors in the periphery 2,3 . Specifically, the central axons of DRG neurons that transmit nociception and thermoception project to the superficial layers of the dorsal horn, whereas those transmitting mechanoreception project to the deep layers of the dorsal horn. Dorsal root ganglion (DRG) neurons specifically project axons to central and peripheral targets according to their sensory modality. The Runt-related genes Runx1 and Runx3 are expressed in DRG neuronal subpopulations, suggesting that they may regulate the trajectories of specific axons. Here we report that Runx3-deficient (Runx3 -/-) mice displayed severe motor discoordination and that few DRG neurons synthesized the proprioceptive neuronal marker parvalbumin. Proprioceptive afferent axons failed to project to their targets in the spinal cord as well as those in the muscle. NT-3-responsive Runx3 -/-DRG neurons showed less neurite outgrowth in vitro. However, we found no changes in the fate specification of Runx3 -/-DRG neurons or in the number of DRG neurons that expressed trkC. Our data demonstrate that Runx3 is critical in regulating the axonal projections of a specific subpopulation of DRG neurons.
articles
The projection of axons to specific targets during development is crucial for the proper function of the nervous system 1 . The projections of sensory neurons of the dorsal root ganglion (DRG) provide a favorable model for the study of the regulation of target-specific neuronal projections during development. Depending on their sensory modality, DRG neurons send afferent axons to the gray matter layer of the spinal cord and to different types of sensory receptors in the periphery 2, 3 . Specifically, the central axons of DRG neurons that transmit nociception and thermoception project to the superficial layers of the dorsal horn, whereas those transmitting mechanoreception project to the deep layers of the dorsal horn. Three types of proprioceptive DRG neurons provide information about muscle length and tension to the spinal cord. Group Ia and II afferent axons innervate muscle spindles, and group Ib afferent axons innervate Golgi tendon organs (GTOs) in the periphery. Group Ia afferent axons centrally ramify in the intermediate zone of the spinal cord and terminate in the motor nucleus of the ventral horn, whereas group Ib and II afferent axons project to the intermediate zone. Growth factor requirements also characterize DRG neuronal subpopulations:
Runx3 controls the axonal projection of proprioceptive dorsal root ganglion neurons Dorsal root ganglion (DRG) neurons specifically project axons to central and peripheral targets according to their sensory modality. The Runt-related genes Runx1 and Runx3 are expressed in DRG neuronal subpopulations, suggesting that they may regulate the trajectories of specific axons. Here we report that Runx3-deficient (Runx3 -/-) mice displayed severe motor discoordination and that few DRG neurons synthesized the proprioceptive neuronal marker parvalbumin. Proprioceptive afferent axons failed to project to their targets in the spinal cord as well as those in the muscle. NT-3-responsive Runx3 -/-DRG neurons showed less neurite outgrowth in vitro. However, we found no changes in the fate specification of Runx3 -/-DRG neurons or in the number of DRG neurons that expressed trkC. Our data demonstrate that Runx3 is critical in regulating the axonal projections of a specific subpopulation of DRG neurons.
small nociceptive and thermoceptive DRG neurons synthesize TrkA receptors and depend on nerve growth factor (NGF) for survival, whereas large proprioceptive DRG neurons synthesize TrkC receptors and depend on neurotrophin-3 (NT-3) for survival 4 . Although substantial information about the different types of DRG neurons has accumulated, the intrinsic mechanisms through which distinct subpopulations seek out their synaptic partners are still largely unknown.
Transcription factors are required for establishing connections between pre-and postsynaptic neurons in distinct sensory pathways. Two members of the ETS family of transcription factors, ER81 and PEA3, are synthesized in functionally related groups of proprioceptive DRG neurons and in motoneurons 5 . In Er81-deficient mice, group Ia afferent axons remain confined to the intermediate zone of the spinal cord, where group Ib and expression remains unclear, coordination of cadherin expression between pre-and postsynaptic neuronal populations could explain the phenotype of the Er81 mutant 5, 6 . A paired homeodomain transcription factor, DRG11, is synthesized in both DRG and dorsal horn neurons from early stages of development 8 . This 'transcriptional coordination' also seems to be required for the projection of nociceptive and other cutaneous sensory axons to the dorsal spinal cord. These studies demonstrate the existence of mechanisms that control subpopulation-specific afferent projections of DRG neurons and provide a hint as to how neuronal projection is regulated by transcriptional events.
Runt-related (Runx) genes encode the DNA-binding α-subunit of the transcription factor polyomavirus enhancer binding protein 2 (PEBP2)/core binding factor (CBF). The Drosophila runt (run) gene is best known for its role as a primary pair-rule gene in embryonic patterning and segmentation 9 . The run gene is negatively regulated by brakeless, which is required for the correct targeting of R1-R6 axons, indicating the involvement of run in targeting specific axonal projections during Drosophila eye development 10, 11 . There are three mammalian Runx genes, Runx1, Runx2 and Runx3. Although the patterns of expression of mouse Runx1 and Runx3 suggest their involvement in neural development and/or function [12] [13] [14] , their functional role in the nervous system is largely unknown. The depletion of zebrafish Runx1 with antisense oligonucleotides perturbs axonogenesis and disorganizes the distribution of Rohon-Beard neurons, which was the first evidence for a functional role for vertebrate Runx in nervous system development 15 .
Here we analyze the Runx3-deficient (Runx3 -/-) mouse 14 to show that Runx3 has a significant influence on axonal trajectories of proprioceptive DRG neurons. DRG neurons in this mutant lack proprioceptive afferent axons and exhibit severe limb ataxia, a phenotype strikingly similar to that of Er81 mutant mice 6 . However, our evidence suggests that an intrinsic regulator different from ER81 and DRG11 directs DRG sensory axons to grow to specific targets in the spinal cord.
RESULTS

Expression of Runx3 in mouse embryo
The pattern of expression of Runx3 was analyzed by monitoring β-galactosidase (β-gal) synthesis, as reported 14 . At embryonic day 11.0 (E11.0), endogenous Runx3 mRNA, as visualized by β-gal activity, was observed in DRG (Fig. 1a) . In addition, nasal cavity and cranial ganglia express Runx3 (Fig. 1b) . By in-situ hybridization, we detected Runx3 mRNA in a subpopulation of DRG neurons in E12.0 wild-type mice ( Fig. 1c and d) . Runx3 mRNA expression in DRG disappeared by E15.5 (Supplementary Fig. 1a and b online) . In contrast to the specific expression observed in the peripheral nervous system, no signal was detected in the spinal cord ( Fig. 1a and c) . These observations suggest the possibility that the Runx3 gene may be critical in the development of a subpopulation of DRG neurons in mice.
Biochemical properties of DRG neurons in Runx3 -/-mice
To elucidate the role of Runx3 in the development of DRG neurons, we first examined their biochemical properties in Runx3 -/-mice. These mutant mice appear normal at birth, but most die of starvation within one day 14 . A battery of molecular markers that allow DRG neuron subtypes to be characterized was examined by immunohistochemical staining. In wild-type mice at postnatal day 0 (P0), TrkA, a marker for nociceptive and thermoceptive cutaneous sensory neurons, was detected in a large proportion of DRG neurons and in primary afferent axons of the superficial lamina of the dorsal horn ( Fig. 2a and b) . The calci- articles lumbar sections of the spinal cord (Fig. 3b) . Moreover, a dorsal part of the dorsal funiculus was narrower than in wild-type mice ( Fig. 3c and d) . In the dorsal root, myelinated and unmyelinated axons of large diameter, presumably corresponding to proprioceptive afferent axons, were significantly reduced in number, whereas unmyelinated axons of small diameter, presumably corresponding to cutaneous afferent axons, were unchanged ( Fig. 3e and f ; Table 1 ). These results strongly suggest that proprioceptive afferent axons are absent from the gray matter and are reduced in number in the dorsal funiculus and dorsal root of Runx3 -/-neonates. In contrast, the primary afferent projections to the dorsal horn and dorsal root that convey nociception, thermoreception and mechanoreception signals appeared normal in the mutant mice ( Fig. 3a and b ; Table 1 ). No clear difference in the distribution of motoneuron soma and dendrites was found in the two genotypes at P0 ( Fig. 3a and b) .
Fate specification and survival of sensory neurons
The reduction of PV immunoreactivity from DRG neurons and the lack of proprioceptive afferent projections in the spinal cord observed in Runx3 -/-neonates raise two possibilities: the precursors of proprioceptive neurons either change their specification or die during prenatal development. To examine differentiation and survival in subpopulations of DRG neurons in Runx3 -/-mice, we characterized developing DRG neurons by the synthesis of Trks, the high-affinity neurotrophin receptors. Proprioceptive DRG neurons are known to synthesize the NT-3 receptor (TrkC), whereas nociceptive and thermoceptive DRG neurons synthesize the NGF receptor (TrkA). DRG neurons in both wild-type and Runx3 -/-embryos at E14.0 showed TrkA ( Fig. 4a and b) and TrkC immunoreactivity ( Fig. 4c and d) . No clear differences in the number and intensity of signals for each receptor were found in the two genotypes, indicating that neuronal specification is normal in Runx3 -/-DRG neurons. Next, we asked whether proprioceptive DRG neurons die prenatally. In wild-type mice, a subpopulation of DRG neurons expressed trkC mRNA, as revealed by in situ hybridization (Fig. 4e) . In Runx3 -/-mice, a comparable number of DRG neurons expressed trkC mRNA (Fig. 4f) . The total number of tonin gene-related peptide (CGRP), a nociceptive neuronal marker, was also detected in a subpopulation of DRG neurons and in afferent axons of the superficial lamina of the dorsal horn ( Fig. 2e and f) . Similar numbers of DRG neurons and primary afferent axons in the dorsal horn were stained with CGRP and TrkA antibodies in both wild-type and Runx3 -/-mice at P0 (Fig. 2c, d , g and h). On the other hand, compared to wild type, smaller number of DRG neurons showed immunoreactivity for parvalbumin (PV), a proprioceptive neuronal marker 16, 17 in Runx3 -/-mice at P0 ( Fig. 2i and k) . PV-immunoreactivity was seen in ventrally projecting afferent axons of the wild-type spinal cord, whereas this signal was reduced in the Runx3 -/-spinal cord ( Fig. 2j and l) .
Proprioceptive afferent projections are absent
Next, we examined whether the reduction of PV immunoreactivity in Runx3 -/-mice reflects a loss of the afferent projections of proprioceptive DRG neurons to the spinal cord. A lipophilic tracer (DiI) was applied onto the DRGs to directly visualize the structural profiles of afferent axons in the cervical, thoracic and lumbar spinal cords at P0. In wild-type mice, primary afferent axons project to the dorsal horn, intermediate zone and ventral horn of the spinal cord (Fig. 3a) . Afferent axons of proprioceptive DRG neurons are known to course through the medial part of the dorsal horn and to terminate mainly in two different regions: the motor nucleus (group Ia afferents) and the intermediate zone (group Ia, Ib and II afferents) of the spinal cord 2, 3 . In wild-type mice, many DiI-labeled afferent axons were observed in regions of the spinal cord where group Ia, Ib and II afferent axons are expected to terminate. In Runx3 -/-mice, however, proprioceptive afferent axons in both the motor pools and the intermediate zone were completely absent from the cervical, thoracic and 
Number of small-diameter 6,482 ± 672 5,912 ± 785 91.2 unmyelinated axons (< 0.8 µm diameter) (n = 2) (n = 3)
Ultrathin sections of the L4 dorsal root were cut, and the number of axons was counted (mean ± s.e.m.). n, number of animals examined. Asterisk indicates significant difference (P < 0.05, t-test).
trkC-expressing neurons from the eighth thoracic to second lumbar DRGs was 1,518 ± 165 (n = 8) and 1,533 ± 237 (n = 7) in Runx3 -/-and wild-type mice, respectively ( Fig. 4g) . These results indicate that trkC-expressing DRG neurons are present in Runx3 -/-mice throughout embryonic development despite the absence of proprioceptive afferent projections and the reduction of PV synthesis at P0. The observations are further supported by a semi-quantitative RT-PCR of trkC mRNA prepared from dissected DRGs, which showed that the intensity of the trkC mRNA signal was similar in wild-type and Runx3 -/-mice at P0 (Fig. 4h) . The ETS-related transcription factors ER81 and PEA3 determine the highly specific differentiation of proprioceptive DRG neurons, depending on their peripheral targets 5 . In chick embryos, early limb bud ablation eliminates the expression of Er81 and PEA3 in motor and sensory neurons before the induction of cell death, suggesting that signals provided by the limb control coordination in ETS gene expression by functionally related motor and sensory neuronal subpopulations 5 . Therefore, we examined whether Er81 and PEA3 were expressed in DRG neurons of Runx3 -/-mice. The semi-quantitative RT-PCR showed no difference in the intensity of DRG expression of Er81 and PEA3 in the three genotypes at P0 and E13.5 ( Fig. 4h; data not shown), indicating that the cell specification of proprioceptive DRG neurons regulated by Er81 and PEA3 was also unchanged in Runx3 -/-mice. Together, these results indicate that the precursors of proprioceptive neurons do not change their specifications and that they do not die prenatally in Runx3 -/-mice. During the development of primary afferent projections to the mouse spinal cord, the afferent axons bifurcate and extend longitudinally for several segments before penetrating the gray matter by E12.5 (ref. 18 ). The rostrocaudal extension of primary afferent axons from a mid-thoracic DRG at E13.5 was visualized in longitudinal whole-mount preparations. In wild-type mice, the primary afferent axons consist of two longitudinal bundles, a longer medial bundle extending through the dorsal funiculus and a shorter lateral bundle corresponding to Lissauer's tract (Fig. 5a) . Axons in the dorsal funiculus convey mechanoceptive and proprioceptive information, whereas axons in Lissauer's tract convey nociceptive and thermoceptive information. In adult cats, group Ia and Ib afferent axons run through the dorsal funiculus and extend rostrocaudally for a few segments 19, 20 . Although the number of labeled axons diminishes with increasing distance from the entry point to the spinal cord, the most medial afferent axons reach more than six segments rostrally and four segments caudally from the site of entry (Fig. 5a) . In Runx3 -/-mice, two longitudinal tracts, the dorsal funiculus and Lissauer's tract, were also established, as observed in wild-type mice (Fig. 5b) . These results suggest that the bifurcation and rostrocaudal extension of primary afferent axons before entering the gray matter is not affected in this mutant, raising the possibility that the failure of projection of proprioceptive afferents occurs after E13.5. In the mouse, primary afferent axons from the different classes of DRG neurons sequentially enter the gray matter of the spinal cord: proprioceptive afferent axons penetrate the gray matter from the medial portion of the dorsal funiculus as early as E13.5, whereas cutaneous afferent axons penetrate it from the lateral portion of the dorsal funiculus by E14. 5 (ref. 18) . The development of primary afferent projections to the cervical, thoracic and lumbar spinal cord was observed in Runx3 -/-mice between E13.5 and E16.5. In wild-type mice, consistent with results from a previous study 18 , proprioceptive afferent axons projected toward the ventral horn from the medial portion of the dorsal funiculus by E14.5 (Fig. 5c) . By E15.5, cutaneous afferent projections to the superficial and deep layers of the dorsal horn had developed, and proprioceptive afferent axons had reached the motor pools in wild-type mice (Fig. 5d) . In contrast, fewer proprioceptive afferent axons projected toward the ventral horn in Runx3 -/-mice at E14.5 (Fig. 5e) . At E15.5, short afferent axons projecting ventrally from the medial portion of the dorsal fuiculus were occasionally observed in several sections of Runx3 -/-spinal cords, whereas afferent projections to the superficial and deep layers of the dorsal horn formed normally (Fig. 5f) . These ventrally projecting axons were no longer visible in Runx3 -/-mice at E16.5 (data not shown), as in the spinal cord at P0 (Fig. 3b) .
Absence of peripheral nerve projections to muscles
The specific defects in proprioceptive afferent projections to the spinal cord led us to ask whether peripheral projections were normal. The injection of DiI crystals into the sciatic nerve at the popliteal fossa allowed peripheral nerve projections to the soleus and plantaris muscles at P0 to be visualized. In wild-type mice, three types of nerve endings can be morphologically distinguished in a muscle. Motor endings and sensory endings terminate in muscle spindles and GTOs (Fig. 6a, c, e and f) . Nerve endings innervating both muscle spindles (annulospiral endings) and GTOs (flame-shaped endings) were confirmed to be proprioceptive by their PV immunoreactivity in whole-mount muscle preparations (Fig. 6g and h) . Motor endings do not exhibit PV immunoreactivity. Fig. 6i and j show the numbers (mean ± s.d.) of two types of DiI-labeled sensory endings in the soleus and plantaris muscles at P0, respectively. In the wild-type mouse (n = 4 of each muscle from 4 preparations examined), the soleus muscle contained a mean of 6.3 ± 1.5 muscle spindle sensory endings and 6.8 ± 1.5 GTO sensory endings, whereas the plantaris muscle contained a mean of 8.3 ± 2.6 muscle spindle sensory endings and 3.0 ± 0.8 GTO sensory endings. However, sensory endings were not observed in the muscles of Runx3 -/-mice (Fig. 6b, d, i and j, n = 7 of each muscle from 4 preparations examined). Not only sensory endings but also sensory branches coursing through the muscles were absent from Runx3 -/-mice, suggesting that proprioceptive sensory axons failed to innervate the muscles (Fig. 6b) .
Group Ia afferent axons induce the formation of muscle spindles 21 . An examination of resin sections of the soleus and plan- taris muscles from wild-type mice at P0 revealed muscle spindles consisting of encapsulated intrafusal fibers (Fig. 6k , arrowheads), whereas muscle spindles were not observed in mutant muscles. These results indicate that the Runx3 deficiency causes failures of both central and peripheral innervations by proprioceprive DRG neurons during development.
In-vitro defects in DRG neurite outgrowth
Because proprioceptive DRG axons disappear in Runx3 -/-mice after E16.5, we examined whether DRG neuronal subpopulations can extend neurites in explant culture. DRG explants isolated from E18.5 embryos were cultured for 48 hours in the presence of either NT-3 or NGF. In the presence of NT-3, DRG explants from wild-type mice extended longer neurites than those from Runx3 -/-mice ( Fig. 7a and b) . In contrast, no clear difference was observed in neurite outgrowth from explants cultured in the presence of NGF ( Fig. 7c and d) . Fig. 7e shows the ratio of the length of mutant neurites to that of the wild type in the presence of either NT-3 or NGF. As compared to that of the wild type, the length of NT-3-responsive neurites from Runx3 -/-DRGs was significantly reduced, although no significant reduction was found for NGF-responsive neurite outgrowth.
In Runx3 -/-embryos younger than E15.5, the axons of proprioceptive DRG neurons projected abnormally to the spinal cord ( Fig. 5e and f) . Therefore, we assessed whether DRG neurons at the corresponding stage were able to extend neurites by culturing E14.5 DRG explants in the presence of either NT-3 or NGF.
Results from an analysis of neurite length in E14.5 DRG explant cultures (Fig. 7f) were similar to those obtained at E18.5. These in-vitro results indicate that Runx3 regulates neurite outgrowth from NT-3-responsive proprioceptive DRG neurons, independent of their target tissues.
Motor discoordination
Because Runx3 -/-mice of the C57BL/6 background die within a day of birth 14 , we attempted to extend their lifespan by crossing them to ICR mice, which are a more vigorous outbred strain. On the ICR background, 10-20% of Runx3 -/-mice survived beyond the weaning period, although they were small and lean. The surviving Runx3 -/-mice of ICR background showed a marked ataxia, characterized by a waddling, uncoordinated gait and abnormal limb positioning when stationary. When placed on a rotating bar, they failed to maintain an upright posture and immediately fell. When lifted by the tail, mutant animals assumed a clasping posture by drawing their limbs towards their bodies, in contrast to the fully extended posture observed in control littermates (Fig. 8a) . This motor discoordination led us to survey brain structures involved in motor functions. Nissl-stained sections in ICR Runx3 -/-adults showed no abnormalities in cerebellar or brainstem cytoarchitecture, and intracortical organizations were preserved, as shown by the presence of barrels in the somatosensory cortex (data not shown). However, the dorsal funiculus of the mutant spinal cord was substantially smaller than that of the wild type, similar to that of this mutant on the C57BL/6 background at P0 (Fig. 3c and d) . Because the dorsal funiculus contains the corticospinal tract (CST) in adult mice, we examined the possible involvement of CST deficiency in the motor discoordination. The number of axons descending to the lumbar spinal cord in the CST was estimated by counting retrograde labeled cerebral cortical neurons in adult animals 22 . No significant difference in the number of CST neurons was found between wild-type (3,123 ± 420 neurons, n = 4) and mutant mice (3,257 ± 450 neurons, n = 4; Fig. 8b) . These results suggest that the severe motor discoordination of adult Runx3 -/-mice is caused by defects of proprioceptive sensory innervations rather than by descending axon deficiency.
DISCUSSION
Here we showed that Runx3 is expressed in a subpopulation of DRG neurons and that proprioceptive afferent axons in Runx3 -/-neonates fail to reach their central and peripheral targets. Although normal numbers of cells in the trkC-expressing subpopulation of DRG neurons are maintained and a similar level of trkC mRNA is observed at P0, NT-3-responsive DRG neurons isolated from Runx3 -/-mice are defective in extending neurites in vitro. These results suggest a role for Runx3 in the development of subpopulation-specific axonal projections of proprioceptive DRG neurons.
The Er81 mutant mouse and the NT-3 mutant mouse rescued by a Bax mutation display strikingly similar central projection phenotypes 6 (T. D. Patel et al., Soc. Neurosci. Abstr. 27, 354, 2001 ). This is because Er81 is not induced in the DRGs of the doubleknockout mouse. In these mutant mice, group Ia afferent axons fail to project to the ventral spinal cord, but the projection of Although Runx3 -/-and Er81 -/-mice largely share the same phenotype with respect to central afferent projections, several results suggest that these two transcription factors separately regulate proprioceptive central projections during development. First, we found several differences in the central projection phenotypes between these two mutants. In Runx3 -/-mice, proprioceptive afferent projections to the intermediate zone as well as to the ventral horn are not observed, suggesting that Runx3 is involved in the formation of projections of not only group Ia, but also group Ib and probably group II, afferent axons. Second, the Runx3 -/-dorsal funiculus and dorsal root are significantly smaller than those of wild-type littermates, a phenotype that has not been described for the Er81 mutant or the NT-3 and Bax doublemutant mouse. Third, Runx3 does not display the 'transcriptional coordination' profile of proprioceptive neurons and spinal motoneurons found in Er81 mutants: that is, Runx3 is expressed only by the former and not by the latter. Finally, the semi-quantitive RT-PCR analysis indicates that Er81 is expressed normally in Runx3 -/-DRGs after E13.5. These observations suggest that the molecular basis of the phenotype is different between Runx3 and Er81 mutants. Mouse primary afferent axons reach the spinal cord at E10.5 and grow rostrocaudally for at least 48 hours before extending collateral branches into the spinal gray matter 18 , and this socalled 'waiting period' is believed to be important in guiding growing axons to their proper targets 23 . Distinct populations of primary afferent axons then sequentially produce collateral branches, which project to each target layer. We have demonstrated that Runx3 is expressed in DRG neurons by E11.0, the initial stage of the waiting period, and that afferent projections of proprioceptive DRG neurons to the gray matter become disturbed after E13.5 in Runx3 -/-mice. These observations suggest the possibility that the axonal trajectories of proprioceptive DRG neurons are regulated by transcription during the waiting period. In addition, a genetic study has shown that expression of Drosophila run in the R2 and R5 photoreceptors in the Drosophila mutant bks induces the axon targeting 'bypass phenotype' of not only R2 and R5, but also R1, R3, R4 and R6 photoreceptors, suggesting that run functions in target selection by photoreceptor neurons 11 . Although it is not known whether Runx3 controls axonal projections in the same way, it is noteworthy that members of the Drosophila and mammalian Runx family are involved in similar biological processes.
The neuronal growth cone is a highly motile structure at the tip of growing axons. It may be viewed as a sophisticated signal transduction device, capable of recognizing extracellular guidance signals and translating them into directed neurite growth. The integration of both long-and short-range signals allows growth cones to advance, turn, withdraw and recognize targets 1 . Two types of models can be proposed for Runx3 function. First, Runx3 might be needed to provide proprioceptive DRG neurons with the molecular machinery required to receive their specific targeting signals. In chick organotypic culture preparations, local rather than long-range positional cues in the dorsal horn seem to guide group Ia afferent axons through the medial part of the dorsal horn to the ventral horn 24 . We found that fewer primary afferent axons project toward the ventral horn by E15.5 and that they are no longer observed at E16.5 in the corresponding region of the Runx3 -/-dorsal horn, although the initial bifurcation and rostrocaudal extension of primary afferent axons in the dorsal funiculus are not affected in the mutants at E13.5. These results suggest that disruption of Runx3 prevents proprioceptive growth cones from integrating short-range cues arising from the medial part of the developing dorsal horn. One of the candidates that mediates this signaling may be F11, an immunoglobulin superfamily cell adhesion molecule, and its binding partner NrCAM, which together are required for the extension of proprioceptive afferent axons to the ventral horn 25 . However, we cannot exclude the possibility that Runx3 may also participate in mediating long-range cues to direct proprioceptive afferent axons to the ventral horn. Alternatively, Runx3 may act in intracellular processes required for the axonal extension of proprioceptive DRG neurons 26, 27 . The present in-vitro study demonstrates deficits in the neurite outgrowth of NT-3-responsive DRG neurons in Runx3 -/-mice, suggesting that Runx3 may control the elongation of proprioceptive afferent axons, independently of other growth factors and guidance molecules from target tissues. It is possible that the reduced number of proprioceptive afferent axons observed in the gray matter of the E14.5 Runx3 -/-mice may reflect a delay in the elongation of these axons. However, these proprioceptive afferent axons never reach the ventral horn at later developmental stages, suggesting that defects in proprioceptive afferent projecting in Runx3 -/-mice are not caused simply by a delay in axonal elongation. The delay in axonal elongation may also lead to the failure of proprioceptive afferent axons and the gray matter to interact properly during early developmental periods, which may result in defects in the projections of these axons. Therefore, a comprehensive screening for Runx3 target genes would help to uncover the basis of this phenotype and to characterize the unknown molecules involved in these processes.
After we submitted our manuscript, a similar gene-disruption study was published 28 . Although the other group's targeting strategy was not identical to ours and different mouse strains were used, the phenotype they observed was very similar. Most notably, the mutant mice developed severe sensory ataxia due to monosynaptic connectivity between Ia afferents and motoneurons. However, the underlying mechanism proposed in the other paper 28 seems to be significantly different from the one presented here. They showed that most large-diameter DRG neurons were eliminated from Runx3 -/-neonates and that TrkC immunoreactivity disappeared from DRGs from mid-gestation. We found that the number of trkC-expressing DRG neurons was maintained and that NT-3-responsive DRG neurons isolated from Runx3 -/-mice extended their neurites normally, although they were significantly shorter. The simplest explanation for this discrepancy may be due to differences in the mouse strains used in the two studies. We used C57BL6/F10 inbred strain, whereas the other group 28 used ICR and MF1 outbred strains, which may show different sensitivities to TGF-β. Recently, in the same mouse strain as described here, we reported that Runx3 -/-gastric epithelial cells are resistant to the apoptosis-inducing action of TGF-β, which results in hyperplasia of gastric epithelium 14 . However, this phenomenon was not observed clearly in ICR (our unpublished data) or MF1 strains 28 . Although TGF-β-induced apoptosis is still not well characterized, it is worth noting that antibody blocking of TGF-β reduces the neuronal cell death caused by limb-bud ablation 29 . Actually, in the C57BL6 genetic background, proprioceptive DRG neurons of Runx3 -/-have a similar appearance to that observed after limb-bud ablation. Runx3 -/-mice lack the sensory endings of both muscle spindles and GTOs at P0. We were able to analyze proprioceptive DRG neurons and to show that the defect in the Runx3 -/-mouse is in the axonal projection because DRG neurons survived in the C57BL6/F10 mutant background. In contrast, the other group 28 could not have arrived at this conclusion, as these neurons died in their mutant mouse before they could be analyzed. The survival of a normal number of trkC-expressing DRG neurons in our study seems to contradict the previous observation that a lack of peripheral innervations leads to cell death, because trophic factors derived from peripheral targets are thought to be required for the survival of both sensory neurons and motoneurons 30 . Therefore, it is intriguing that no significant difference was observed in the number of trkC-expressing neurons in wild-type and Runx3 -/-neonates at P0, after the period of naturally occurring cell death. If Runx3 controls TGF-β-induced apoptosis, including naturally occurring cell death, an excessive number of proprioceptive DRG neurons would be expected to be observed in Runx3 -/-neonates 31, 32 . Further investigations should be conducted to determine the role of Runx3 in regulating neuronal survival in the absence of peripheral innervation during development.
METHODS
Mice. The strategy used to inactivate Runx3 in the mouse germline was described previously 14 . Northern analysis of Runx3 mRNA prepared from neonate stomach cells suggests that Runx3 -/-is a null mutant (data not shown). Studies were done in accordance with guidelines of Kyoto University.
Histological methods. Mouse embryos and neonates were perfused transcardially with 4% paraformaldehyde in PBS (pH 7.3). Embryos younger than E14.5 were immersed in the same fixatives. Following post-fixation at 4 o C, 12-16 µm transverse sections were prepared with a cryostat. Whole-mount histochemical detection of β-gal activity was done as described 33 . For immunohistochemical analysis, rabbit antibodies raised against rat CGRP (1:200; Biogenesis, Poole, England) and rat TrkA 34 (1:10,000), and goat antibodies raised against PV (1:5,000; Swant, Bellinzona, Switzerland) and rat TrkC 34 (1:2,000) were used. All antibodies were visualized with the appropriate biotin-conjugated antirabbit or -goat antibody (Vector, Burlingame, California), followed by incubation with avidin-FITC, avidin-TexasRed or avidin-HRP (Vector).
In-situ hybridization and cell counting. In-situ hybridization was primarily done as described elsewhere 14 . To synthesize riboprobes, we used a mouse Runx3 (AF155880) cDNA 1053-2052 and rat trkC (L14445) cDNAs 1-311 (ref. 35 ) and 1-1150 (gift from I. Matsumoto). Each of the two trkC probes generated essentially the same results. For counts of trkC-expressing DRG neurons, T8-L2 DRGs were sectioned at 16 µm through the entire ganglia and hybridized. The number of trkC-expressing neurons was determined by counting neurons with a strong signal and a clear nucleus from every third section. Counts were summed and multiplied by three.
Primary afferent axon labeling. At least two preparations of each genotype at each age (E13.5-E16.5 and P0) were examined as described 18 . Following the injection of DiI crystals (Molecular Probes, Eugene, Oregon) into the sciatic nerve at the popliteal fossa at P0, whole-mount preparations of the soleus and plantaris muscles were examined.
Semi-quantitative RT-PCR. Total RNA was prepared from DRGs of each developmental stage from all segmental levels using TRIzol (Invitrogen, Carlsbad, California). The cDNA was synthesized using Omniscript RTase (Qiagen, Hilden, Germany). PCR was carried out under standard conditions. The primers used were 5′-TTTAGAAGCAGCGATCGGAGA-3′ and 5′-AGTTGAAGAAGTTCTGCTCCA-3′ for trkC; 5′-CTCAGGTAC-CTGACAATGATG-3′ and 5′-CTGAGAAGGAGGGAGGTGAGC-3′ for Er81; 5′-CGTATTGGGCGCCTGGTCAC-3′ and 5′-CCAGTGAGCTTC-CCGTTCAC-3′ for GAPDH.
DRG explant culture. DRG explant culture assays were done as described 36 with slight modifications. The culture medium contained DMEM (Celox, St. Paul, Minnesota) supplemented with ITS liquid media supplement (Sigma, St. Louis, Missouri) and either 50 ng/ml NGF (Chemicon, Temecula, California) or NT-3 (Sigma). The lengths of the 10 longest neurites surrounding the DRG explants were measured using a camera lucida. The ratio of the lengths of neurite extensions from DRG explants of the mutant to that of the wild type was calculated.
Note: Supplementary information is available on the Nature Neuroscience website.
